Deep drawing process is an important process adding values to flat sheet metals in many industries. An important concern in the design of a deep drawing process generally is formability. This paper aims to present the connection between formability and inverse analysis (IA), which is a systematical means for determining an optimal blank configuration for a deep drawing process. In this paper, IA is presented and explored by using a commercial finite element software package. A number of numerical studies on the effect of blank configurations to the quality of a part produced by a deep drawing process were conducted and analyzed. The quality of the drawing processes is numerically analyzed by using an explicit incremental nonlinear finite element code. The minimum distance between elemental principal strains and the strain-based forming limit curve (FLC) is defined as tearing margin to be the key performance index (KPI) implying the quality of the part. The initial blank configuration has shown that it plays a highly important role in the quality of the product via the deep drawing process. In addition, it is observed that if a blank configuration is not greatly deviated from the one obtained from IA, the blank can still result a good product. The strain history around the bottom fillet of the part is also observed. The paper concludes that IA is an important part of the design methodology for deep drawing processes.
Introduction
Deep drawing process, which is a means in manufacturing of complicated parts from sheet metal used in many industries such as automobile, aerospace, appliance and so on, typically involves many complicated physics and boundary conditions. In the past, the trial-and-error approach is a traditional means to explore and optimize process conditions in virtually every manufacturing process. However, simulation-based design has presented itself as a vital part in today's competitive world [1] . For the sheet metal forming process analysis, the finite element method (FEM) is a powerful and widely accepted means [2] [3] , for example, U-channel forming [4] , multi-step forming [5] , wrinkling and tearing prediction [6] , corner failure [7] , and so on. It is noted that analytical models such as models in [8] [9] , element free method [10] and other techniques are also available for certain sheet metal forming simulations. However, the simulation, which is also known as 'forward analysis' [11] in the design context, is often computationally expensive for a typical deep drawing process. To determine the best/optimal manufacturing condition, an optimization is needed deterministically [12] [13] [14] and/or probabilistically [15] [16] [17] .
To achieve the production success in deep drawing processes, there is a need to design tooling geometries, forming conditions, and materials. It is interesting that the configuration of the undeformed blank is often overlooked by many process designers. Therefore, this paper conducts a comparative study on how the configuration of the blank affects the quality of a deep drawing process. The solution from IA (MSTEP in Dynaform5.2 [18] ) is set as the benchmark in this study. A triangular part configuration is used as an illustrative example. The minimum distance between elemental principal strains and the strain-based forming limit curve (FLC) is defined as tearing margin to be the key performance index (KPI). The KPI from different setups is consistently evaluated by using an explicit incremental nonlinear finite element method (LS-DYNA) [19] [20] . The analysis results are then analyzed and discussed.
Inverse Analysis
Inverse analysis (IA) is a means to estimate important parameters of the deep drawing process. A desired configuration (x) of a part is given to estimate the initial configuration (X), which mostly is a flat blank. The problem formulation of IA is that x, material properties and forming conditions (p) are given but X and resulting stress-strain states (y) of the deformed part are to be determined. The inverse finite element approaches for sheet metal forming have been contributed in literature: ideal forming theory [21] [22] , conceptual theory on inverse problems [23] , sequential design with ideal forming theory [24] , initial guess of linear deformation [25] , deformation path iteration method [26] , multi-step with sliding constraint surface [27] [28] , pseudo-inverse approach [29] , an objective function based on forming limit diagram (FLD) [30] , a node relocation technique [31] and so on.
Basically, IA is a result of the principle of minimization of potential energy. The principle of minimization of potential energy is that for conservative systems, of all the kinematically admissible displacement fields, those corresponding to equilibrium extremize the total potential energy. If the extremum condition is a minimum, the equilibrium state is stable. A generalized Krichhoff assumption in sheet deformation is used to develop the kinematic equation (strains). The plastic potential energy ( Ψ ) is expressed as the difference between the internal plastic work (W p ) and the external work (W e ) as follows
W e is induced by the friction force and the binder force, and is calculated at the final configuration. The minimum of Ψ corresponds to the solution of the stationary value of the first derivation to the design variables U as follows
This system equation can be solved by using the Newton-Raphson scheme as follows
where α is a correction factor for numerical stability purpose and n is the iteration number.
The effectiveness of the IA calculation significantly depends on the initial guessed configuration. The simplest guessed configuration is derived from a simple vertical node projection approach. This approach may result bad or distorted elements, especially from vertical walls and/or undercut elements. This situation can significantly initiate the divergence problem. Other guessing techniques are needed such as the method of equal area of elements to adjust the inferior elements (see MSTEP manual [18] ).
Illustrative Example
A triangular cup produced from a deep drawing process is used as the example to illustrate the influence of blank configurations to the part quality as shown in Fig. 1 . The forming process is first analyzed by using IA to determine an optimal blank configuration (X * ) and then an explicit nonlinear FEA is conducted for the formability analysis. The main tooling as shown in Fig. 2 consists of a punch, a die, and a binder with the binder force given as 20 kN. The friction coefficient (µ) is given as 0.125. These parameters are set for the purpose of the comparative study and are used for every case throughout this paper.
A discrete Krichhoff quadrilateral (DKQ) shell element is employed for the IA to determine an optimal initial blank configuration (X * ). For FEA, Belytschko-Tsay shell element with 5 integration points through the sheet thickness is adopted. The material model of Barlat'89 [32] with anisotropic materials under plane stress conditions is adopted. The exponent m in Barlat's yield surface is set as 6.0. An adaptive meshing technique with the maximum of 4 refinement levels is implemented. Figure 2 . An illustration of the tooling in this study.
The quality of the formed part is quantified by using the strain-based FLD for simplicity rather than stress-based FLD in Buranathiti et al. [17] . An FLD is presented in Fig. 3 in principal true strains for both axes. If an elemental state of principal true strains is above the FLC, the element is considered to fail under the forming condition. The tearing margin is defined as follows
where sign(.) is a sign function (i. 
Analysis Results
The ideal shape x of the formed part previously presented in Fig. 1 is processed in IA to estimate an optimal blank configuration (X * ). Moreover, a number of regular geometrical configurations shown in To analyze the effect of X to formability, the quality of the products from all cases is shown in strain-based FLD in Figs. 5-9. Figure 5 presents a case of the ideal blank configuration (X * ) obtained by using IA in case (i). It is observed that there is no significant deformation causing cracks. Regarding the tearing margin, f is -0.153 (safe). Fig. 7 . It is also observed that there is no significant deformation causing cracks. Regarding the tearing margin, f is -0.159 (safe). Similarly, this case can be compared to case (i) and case (iii). In addition to the tearing margin, the strain history is of interest in this study to observe the validity of the assumption of linear deformations in FLD. Therefore, 6 elements were selected at the bottom corners and fillets to study the strain history of the part as shown in Fig. 10(a) . The strain path of those elements in case (iv) was chosen as shown in Fig. 10(b) . It is found that the strain histories appear nonlinear, especially for elements at the corners of the triangle. 
Discussions and Concluding Remarks
This paper conducted a comparative study to present the connection between inverse analysis (IA) and formability design constrained by forming limits in a deep drawing process. It can be seen that the inverse analysis (IA) is an important systematical means for designing an optimal blank configuration in a deep drawing process. Only the desired final configuration (x) and limited data of forming conditions (p) are needed to obtain an optimal initial configuration (X * ) and an approximated stress-strain state (y). However, an initial configuration (X) other than X * obtained from IA can still provide a good quality part if X does not greatly deviate from X * as shown in case (iv) and case (v). Based on the tearing margin (f ) summarized in Table 1 , it appears that the smaller rectangular blank in case (v) in Fig. 9 arguably results a better part than the one from IA in case (i). It is also an industrial practice that X should be smooth and require little preparation/trimming cost. It seems arguable that a further advancement of inverse methods seems to have a small effect to the quality in the forming process design in terms of blank configurations. On the other hand, it definitely helps the design processes that directly need the accurate prediction of stress and strain during the optimization search, or the forward FEA is replaced. It is noted that the algorithm of IA in general does not take insufficient stretching problems into account as the objective of the IA model is to minimize the potential energy.
The illustrative examples in this paper have shown that the blank configuration appears to have a highly significant impact to the product's formability in deep drawing processes. It can be seen that the formability can be improved markedly once a proper initial blank configuration is adopted while other forming process parameters are still remained the same. On the other hand, a bad initial blank configuration such as one in case (ii) or (iii) most likely results a failed product, even after a number of process improvements (i.e., friction condition, binder force, material property and sheet thickness) were tried. Modifications in the friction condition (µ = 0.0 and 0.3), the binder force (BF = 5 kN and 50 kN), material (CQSK and DP600) and the sheet thickness (t = 0.2mm and 2.0mm) were separately tried and failed to result a crack-free product. For CQSK and DP600, the tearing margin is about 0.02, which is too small for the implementation. It is noted that the cases of the low binder force and the low friction condition result less severe cracks but there are still many unacceptable cracks in the part.
The inverse analysis (IA) clearly offers itself as an important part of the design methodology for deep drawing processes. In addition, the computational cost of IA is typically a small fraction of that of an incremental nonlinear FEA. However, the prediction accuracy of stress and strain from IA is still less than that of incremental FEA. It is also observed that the strain history of certain elements appears nonlinear, which should alert process designers that one-step IA and strain-based FLD may result errors because they both simply assume a linear deformation path. It is worth noting that the final manufacturing conditions from IA should be eventually verified by an incremental nonlinear finite element method before a physical tryout is carried out. If a higher confidence in the implementation of FEA and/or other models is required, one needs to conduct a model validation with experiments such as schemes in [33, 34] .
